A method for the analysis of sodium, potassium, calcium, rand m a g n e s i u m in siliceous coal ash and related materials by atomic absorption spectroscopy is presented. The method involves the dissolution of all complex silicates present in coal ash a f t e r fusing with lithium tetraborate flux. Working curves utilizing s t a n d a r d s composed of complex silicates arc shown to be more accurate than the common water standards. The use of lithium tetraboratc as a flux should also allow the method to be extended to permit the analysis of all m a j o r constituents o{ coal ash.
I. INTRODUCTION
In recent years various rapid analytical methods of analysis ~,2 for silicate materials have been reported. Unfortunately, these methods require a combination of fusions, precipitations, titrations, and acid-dissolution steps all of which are highly inconvenient. The problems of silicate analysis are further complicated in coal ash or related materials due to the ash being heated to a molten state during combustion of the parent coal. For.example, combustion results in dehydration of hydrous silicates and aluminosilicates, the formation of metastable forms of silica and almnina compounds, and the formation of a matrix in which other mineral constituents may be physically as well as chemically agglomerated with silica and alumina. Due to this physical entrapment, the nlore common acid-dissolution techniques do not permit the complete dissolution of the other mineral constituents of coal ash and related materials. Further, hydrofluoric acid-sulfuric acid solution systems preclude the instrumental analysis of silica. The more generally accepted fusion methods require the use of sodium hydroxi.de or sodium carbonate as fluxing agents and therefore do not perndt the analysis of sodium.
Atomic absorption spectroscopy, which has been used extensively for the analysis of water and acidsoluble mineral matter, permits a rapid and accurate method for analytical determinations and minimizes the need for highly skilled chemical technicians. With the increased demand for rapid quantitative determinations of alkali and alkaline earth constituents in coal ash and related materials, a program was undertaken to devise a rapid, accurate, and relatively economical method for the analysis of complex silicate materials by atomic absorption spectroscopy. I t was intended that the method require a miniature number of dilutions, a small sample weight, and a convenient sample digestion procedure. The method to be described is the result of this program and has been devised to analyze sodium, potassium, calcium, and magnesium with the expectation that the method can be further expanded to determine elemental compositions of the other major constituents of siliceous coal ash, such as silica, alumina, ferric oxide, and titanium dioxide.
II. EXPERIMENTAL METHOD
A single-slot burner and an air-acetylene flame was used for the analysis of all four elements. An Osram lamp was used to determine potassium while hollow cathode lamps were used for calcium, magnesium, and sodium. All determinations were made on a P e r k i n -E l m e r Model 303 atomic absorption spectrometer.
The following method was used to prepare both the standards and the siliceous coal ash samples:
(1) Add 0.1 g of sample to 1 g of lithium tetraborate in a plastic vial.
(2) Place the vial in a mixer mill (Spex Mixer Mill Model 8000. The use of trade names is not intended to imply endorsement of a specific product but to facilitate understanding.) and intensely mix for 10 min.
(3) Transfer the material to a graphite crucible and heat at 950°C for 15 rain in a muffle furnace.
(4) Remove and cool the crucible, place the fused bead in a Plattner mortar, crush, and add the powder to a 250-ml beaker containing 50 ml of boiling 3 N hydrochloric acid.
(5) Boil for 5 rain, remove from heat and add 50 ml more of 3N hydrochloric acid to prevent super saturation of silica.
(6) Cool and filter into a 200-ml volumetric flask and make to volume with distilled water.
(7) Withdraw a 50-ml aliquot and dilute it to 250 ml. Determine sodium and potassium in accordance " S e e R e f . with the atomic absorption spectrometer manufact u r e r ' s recommendations. (8) Withdraw another 50-ml aliquot and place in a 250-ml volumetric flask. Add 40 ml of a solution containing 5% lanthanum in 25% hydrochloric acid, dilute to volume and determine calcium and magnesium in accordance with the atomic absorption spectrometer m a n u f a c t u r e r ' s recommendations.
(9) Prepare a blank solution in the same manner as a sample solution and determine the absorption of the blank at the settings used to determine sodium, potassium, calcium, and magnesium, respectively. L a n t h a n u m must be added to the blank for the calcium and magnesium determinations.
(10) Correct the standard and sample absorptions by subtracting the absorption of the blank.
The standard curves used to measure concentrations of sodium, potassium, calcium, and magnesium in the samples are shown in Figs. 1-4 . These curves were prepared from analysis of samples of structurally complex siliceous materials given in Table I after lithium tetraborate fusion and hydrochloric acid dissolution. I t is apparent from Table I that these materials range in structural complexity from complex silicates for National Bureau of Standards (NBS) sample 99a (feldspar) to materials such as U. S. Geological Survey (USGS) sample BCR-1 (basalt) and NBS sample 91 (opal glass), which more closely resembles the fused, glassy nature of coal ashes. Wherever necessary, mixtures of standards in equal proportions were prepared to obtain points on the working curves in the ranges not readily available with the six basic standards.
A study of Figs. 1-4 indicates that the working curves closely fit known concentration data in all aspects. At high concentrations, above 3-4 parts per million (ppm) of sodium ( Fig. 1) , second-order absorption effects are evident. Concentrations of this magnitude, however, are above the range of maximum sensitivity for sodium so that sample solutions in this concentration range would require f u r t h e r dilution for m a x i m u m sensitivity during analysis.
The accuracy and precision of this technique was further checked by determining the concentration of sodium, potassium, calcium, and magnesium of USGS standard sample W-1 (dibase) containing 52.6% silica. Table I I is a comparison of the results obtained by lithium tetraborate fusion and atomic absorption spectroscopic analysis of W-1 and the published standard values. 2 A measure of the precision is g'iven by the standard deviation and coefficient of variation for ten separate and distinct sample determinations of each element. A measure of the accuracy of this method is given by the relative and absolute error. As can be seen from Table I I the results obtained show that the method can be used with a great deal of confidence from a standpoint of both precision and accuracy. The absolute error did not exceed 0.2% in any instance.
Sodium and potassium could be determined directly from the diluted 50-ml aliquot given in the sample preparation procedure. However, it was necessary to add lanthanum to solutions prepared f o r the determination of calcium and magnesium to prevent the formation of compounds of these elements in the flame. The effect of compound formation of calcium is shown graphically in Fig. 5 . Curve A represents standards consisting of a pure soluble calcium salt dissolved in dilute nitric acid with an appropriate amount of lanthanum, hydrochloric acid~ and lithium tetraborate added to match the solution conditions obtained by the fusion technique. Curve B represents siliceous standards given in Table I that were made up by the lithium tetraborate fusion technique with the addition of lanthanum and Curve C represents the same fused standards without the addition of lanthanum. The difference in absorbance between Curves B and C illustrates the necessity of adding lanthanum to prevent compound formation and permit concentrations below 4 p p m to be determined. A similar difference in absorbance was also found for magnesium when lanthanum was not added. The spectrometer m a n u f a c t u r e r has also recently recommended the addition of lanthanum in the determination of magnesium~
The need for standards that closely resemble the materials to be analyzed, t o overcome matrix effects, is evident from a comparison of Curve A for pure soluble standards and Curve B for the complex siliceous standards. I t is shown in Fig. 5 that there is a significant difference in absorbance for Curves A and B. This variation in slope was not due to the total concentration of the material reaching the flame as the aspiration rate for each curve was identical (2.4-ml/min). Thus, the difference in absorbance for Curves A and B is a result of the presence of large quantities of other atoms in the flame. Previously, interferences of this type for calcium were believed to be due to the presence of aluminum and phosphorus2 ,~ However, in these particular samples the concentration of aluminum and phosphorus in the sample is well below that necessary to cause an interference when an appropriate amount of lanthanum is added. ~ In addition, since the absorbance due to lithium and lanthanum is corrected for with the blank solution, silica is the only other apparent source of interference in the samples. I t is seen from Table I that the amount of silica is unusually high, composing over 50% of the material present in the standards used. The depressing effect of silica was further demonstrated when other points on the working curves we're desired. Instead of simply diluting one of the six basic standards it was necessary to mix standards in equal proportions to eliminate any changes in the bulk characteristics of the solution. These effects occur not only for calcium but for the other three elements to be analyzed. As mentioned previously the use of a reagent blank is necessary to correct for the absorption due to the lithium from the lithium tetraborate fluxing agent. However this absorbanee is small, generally in the range of two or three percent absorption.
The lithium tetraborate fusion method was initially used to analyze the ash residues from 72 channelsample increments taken from three widely separated working areas in a coal mine. The method is currently being used routinely for the analysis of sodium, potassium, calcium, and magnesium in coal ashes, coal ash modified by the addition of large quantities of limestone, zinc-processing wastes, and anthracite ash refuse.
III. CONCLUSIONS
A method has been developed and is being used routinely that permits the rapid quantitative determination of sodium, potassium, calcium, and magnesium. The method can be extended to permit analysis of the other major constituents of flyash since all constituents are in solution. The separate addition of interfering elements, to obtain accurate working curves, would not be necessary.
Lithium tetraborate has been found to be an excellent fusion agent enabling complete dissolution of silicate materials in 3N hydrochloric acid. The use of siliceous standards are necessary for the accurate determination of sodium, potassium, calcium, and magnesium by atomic absorption when large amounts of silica are present. The use of a reagent blank to correct for absorption due to lithium is also a necessity. The method has been found to give good precision and accuracy.
